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Detroit, Michigan
Recent information has suggested that early diastolic filling
may be influenced by the left ventricular filling pressure,
especially in the failing left ventricle . Acute severe left
ventricular dysfunction was induced in 14 dogs by severe
left ventricular global ischemia produced by left main
coronary artery microsphere embolization until the left
ventricular end-diastolic pressure was ?20 mm Hg . To
assess the importance of left ventricular filling pressure on
left ventricular diastolic filling, nitroglycerin was infused
and titrated to reduce left ventricular end-diastolic pressure
to < 15 mm Hg in seven dogs, whereas the remaining seven
dogs were observed for I h after acute severe left ventric-
ular dysfunction .
In both groups of dogs, severe left ventricular dysfunc-
tion resulted in left ventricular dilation and elevation of
end-diastolic pressure, reduction in area ejection fraction
(echocardiographically determined) and an early redistri-
bution of diastolic filling (increased filling fractions at
An abnormal pattern of left ventricular diastolic filling
characterized by redistribution of filling to earlier in diastole
has been noted in patients who have severe left ventric-
ular dysfunction with elevated left ventricular filling
pressures (1,2) . This pattern is distinctly different from
the pattern of redistribution of diastolic filling to later in
diastole (1) noted in patients who have left ventricular
dysfunction without elevated left ventricular filling pres-
sures . We (3) previously confirmed these clinical findings
in a canine model of acute left ventricular dysfunction
with left ventricular filling pressure elevation in which re-
distribution of diastolic filling to earlier in diastole was
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one-third and one-half diastole) despite prolongation of the
time constant of left ventricular pressure decline . Pressure-
area plots shifted upward and rightward with severe left
ventricular dysfunction and were unchanged at I h as were
all other variables . Nitroglycerin infusion reduced left
ventricular size and filling pressure, redistributed diastolic
filling to later in diastole as characterized by reduced filling
fraction at one-third diastole (left ventricular dysfunction
48.8 ±   .7%, nitroglycerin 17 .  ± 7 . %, p < 0 .001) and
shifted downward left ventricular pressure-area plots . Ni-
troglycerin also improved the time constant of relaxation
(left ventricular dysfunction 83 ± 15 ms, nitroglycerin 52 ±
15 ms, p < 0 .001) and lengthened the diastolic filling
period . Alterations of left ventricular filling pressure in the
failing left ventricle result in profound alterations in the
pattern of left ventricular diastolic filling .
(J Am Coll Cardiol 1 8 ;14
 233-41)
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demonstrated . These clinical and experimental data sug-
gest the importance of left ventricular filling pressure, and
by inference left atrial pressure, on the pattern of left
ventricular diastolic filling in the dysfunctioning left ventri-
cle. Furthermore, Ishida et al . (4) have pointed out the
importance of left atrial pressure at the time of mitral valve
opening as a determinant of diastolic filling in dogs with
normal left ventricular function monitored on a long-term
basis .
On the basis of these clinical and experimental data, we
hypothesized that the left ventricular intracavitary filling
pressure is an important determinant of the pattern of left
ventricular diastolic filling in severe left ventricular dysfunc-
tion and that reducing left ventricular filling pressure (by
reducing preload) would profoundly affect the pattern of left
ventricular diastolic filling, resulting in a greater dependence
on later diastolic filling . In this study, we utilized a canine
model of acute left ventricular dysfunction and altered left
ventricular filling pressure with nitroglycerin to assess the
effect on the pattern of diastolic filling .
0735-10 7/8 /$3 .50
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Methods
Experimental preparation . The dogs used in this study
were maintained in accordance with the guidelines of the
Committee on Animal Studies at Wayne State University
School of Medicine and guidelines prepared by the Commit-
tee on Care and Use of Laboratory Animals of the Institute
of Laboratory Animal Resources, National Research Coun-
cil (DHEW Publication No
. (NIH) 85-23, revised 1 85) .
Fourteen mongrel dogs (18 to 27 kg) were anesthetized
with intravenous sodium pentobarbital (30 mg/kg body
weight), intubated and artificially ventilated with a Harvard
respirator utilizing room air . A 7F high fidelity left ventric-
ular pressure catheter (Millar Instruments) was introduced
into the left carotid artery and guided with fluoroscopy into
the left ventricle . An 8F Judkins left coronary catheter was
introduced by an arterial sheath (Cordis) into the right
femoral artery and advanced to the left coronary ostium
under fluoroscopic guidance . Small boluses of nonionic
contrast medium were used to verify its position
. Femoral
artery pressure was obtained from the side arm of the arterial
sheath. A 7F flow-directed thermodilution pulmonary artery
catheter was inserted through the right femoral vein and
advanced under fluoroscopic guidance into the pulmonary
artery
. The proximal port was connected to a fluid-filled
pressure transducer and the mean right atrial pressure was
continuously obtained. After all catheters were in place,
5,000 U of heparin was administered intravenously
.
Continuous electrocardiographic (ECG) recordings (lead
II) were obtained . The ECG, left ventricular pressure (sys-
tolic and end-diastolic), rate of left ventricular pressure
(dP/dt), mean right atrial pressure and femoral artery pres-
sure tracings were displayed on an eight-channel physiologic
recorder (Gould) and recorded at 100 and 200 mm/s pa-
per speed at end-expiration . Thermodilution cardiac output
was obtained in triplicate . Simultaneously recorded two-
dimensional echocardiograms were obtained from the
parasternal short-axis view at the mid-papillary muscle level
by a standard mechanical ultrasonograph (Irex PS) and
recorded on 0.5 in . (1 .27 cm) videotape with use of a
videocassette recorder . Mitral valve echograms and external
phonocardiographic recordings of the first and second heart
sounds were also obtained .
Experimental protocol . Acute ischemic left ventricular
systolic failure was induced by injection of plastic micro-
spheres (3M), with a diameter of 58 ± 2 µm, (5,6) into the left
main coronary artery . The microspheres were continuously
agitated in saline suspension and injected as boluses of 2 to
4 ml (35,000 microspheres/ml) . Injections were made every 5
to 10 min until the left ventricular end-diastolic pressure was
>_20 mm Hg. The dogs were then allowed to stabilize for 15
to 20 min. Determination of echocardiographic, ECG, hemo-
dynamic and cardiac output variables was then repeated. An
average dose of 5 .6 x 105 microspheres was administered to
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produce severe left ventricular dysfunction and was
achieved in 45 to  0 min . In previous studies (3), hemody-
namic stability of this model has been demonstrated for up to
4 h
.
After acquisition of these variables, dogs were assigned
to either a "no intervention" (control) group or a nitroglyc-
erin infusion group. The seven dogs assigned to the "no
intervention" group received a 50 ml infusion of saline
solution for 60 min, at which time determination of these
variables was repeated . The seven dogs in the nitroglycerin
group received an infusion of nitroglycerin (delivered by a
Harvard infusion pump) titrated to reduce left ventricular
end-diastolic pressure to <15 mm Hg. An average dose of
13.6 ± 2.8 µg/kg per min in a total volume of <40 to 50 ml of
normal saline solution was required to reduce the left ven-
tricular end-diastolic pressure to <15 mm Hg . The infusion
was continued for an additional 30 min to achieve hemody-
namic stability. Determination of ECG, hemodynamic,
echocardiographic and cardiac output variables was then
repeated .
Hemodynamic variables. Left ventricular pressures (sys-
tolic and end-diastolic) and peak positive and negative dP/dt
were obtained from the hemodynamic tracings at baseline,
during severe left ventricular dysfunction and during either
nitroglycerin infusion or control infusion
. Mean right atrial
pressure and cardiac output were obtained at each stage of
the study . The time constant of left ventricular pressure
decline as a measure of left ventricular diastolic relaxation
was calculated by the method of Weiss et al . (7) . All
hemodynamic measurements were calculated as the average
of three consecutive beats .
Echocardiographic variables
.
Three consecutive cycles
from each stage were analyzed by a single operator using an
off-line commercially available analysis system (Quantic
1200, Bruce Franklin, Inc .) . From the recordings of the first
and second heart sounds and the mitral valve echogram, the
time period from the aortic valve component of the second
heart sound to the time of mitral valve opening was deter-
mined
. Also, the time interval from the opening to the
closing of the mitral valve was obtained as an estimate of the
diastolic filling period . The mean value of three consecutive
cardiac cycles was obtained from each of the aforemen-
tioned variables . Left ventricular short-axis areas were
digitized on a frame by frame basis from the videotape for
three consecutive cycles . For each cardiac cycle an area
versus time curve was constructed . End-diastolic area was
determined as the frame with the largest digitized area .
End-systolic area was determined as the frame with the
smallest digitized area . The stroke area was calculated as the
end-diastolic area minus the end-systolic area . Area ejection
fraction was calculated as the stroke area divided by end-
diastolic area
.
Two indexes of early diastolic function were calculated
from this frame by frame analysis
  filling fraction at one-
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Table 1 . Baseline Variables of Left Ventricular Size and Systolic
Function in 14 Dogs
AEF = area ejection fraction
; CHF = congestive heart failure   CO =
cardiac output ; EDA = end-diastolic area
; ESA = end-systolic area; LVSP =
left ventricular systolic pressure
; NTG = nitroglycerin .
third diastole and at one-half diastole . Total diastolic time
was determined as the interval between the end-systolic
frame and the following end-diastolic frame . The frame
corresponding to one-third or one-half diastole was obtained
and its digitized area was used to calculate the filling fraction
at one-third or one-half diastole . The filling fraction (FF) at
one-third or one-half diastole (D) was calculated as   FF at 1/3
D = (%3 DA - ESA)/stroke area and FF at 1/2 D = ( 1/2 DA -
ESA)/stroke area, where 1/3 DA = short-axis area at one-
third diastole ; t/2 DA = short-axis area at one-half diastole
;
ESA = end-systolic area) . The area versus time curve
unavoidably contains the isovolumic relaxation period as
part of total diastolic time . If the time of one-third or one-half
diastole fell between frames, then linear interpolation be-
tween the two closest frames was used to calculate the
ventricular short-axis area at one-third or one-half diastole .
All echocardiographic variables were calculated as the aver-
age of three consecutive cycles .
Simultaneous left ventricular pressures and (echocardio-
graphic) areas from end-systole to end-diastole were plotted
every 33 ms for baseline, severe left ventricular dysfunction
and for nitroglycerin or control stages .
Intraobserver variability for the left ventricular cavity
area for a given video frame was determined by analysis of
25 randomly chosen frames from seven previously studied
animals. Each frame was analyzed twice, at least 2 weeks
apart
. The average difference between measurements for a
given frame was 0.25 ± 0.1  cm 2 (or 1.6 ± 1 .2% of left
ventricular area) .
Statistics .
Data are expressed as mean values ± SD and
were analyzed by analysis of variance . If p < 0.05 was found
for the F ratio, Tukey's tests was used to determine whether
significant (p < 0 .05) differences existed for a given variable
between any of the experimental conditions .
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Results
Systolic function.
The effect of the production of severe
left ventricular dysfunction on variables of left ventricular
size and systolic function are summarized in Table 1 for both
the control and nitroglycerin groups
. With the production of
severe left ventricular dysfunction and heart failure, there
was an increase in left ventricular size and a reduction in left
ventricular systolic function as characterized by a decrease
in left ventricular peak positive dP/dt and area ejection
fraction for both groups . Only global hypokinesia was noted
at multiple short-axis levels . Cardiac output and left ventric-
ular systolic pressure also declined with acute left ventricu-
lar dysfunction
. For both the control and nitroglycerin
groups, variables of left ventricular size and systolic function
were comparable at baseline and after the production of
congestive heart failure .
Diastolic function . The effect of the production of severe
left ventricular dysfunction on diastolic function variables is
summarized in Table 2. For both groups, an increase in
extent of early diastolic filling characterized by an increase
Table 2 . Baseline Variables of Left Ventricular Diastolic Function
DFP = diastolic filling period ; FF-1/31) = filling fraction at one-third
diastole ; FF-1/2D = filling fraction at half diastole ; IRP = isovolumic
relaxation period ; LVEDP = left ventricular end-diastolic pressure ; RR =
cycle length ; T = time constant of left ventricular pressure decline ; other
abbreviations as in Table l .
Groups Baseline CHF
p
Value
EDA
(cm') Control   .  ± 2 .6 14 .  ± 2 .5 <0 .001
NTG 10 .8 ± 1 .5
16 .6 ± 1 .5 <0 .001
ESA (cm2 ) Control 6 .2 ± 2 .0 12 .2 ± 2 .0 <0 .001
NTG 7 .0 ± 1 .8 13 .  ± 1 .2 <0 .001
AEF 1%) Control 38 .2 ± 4 .6 1  .7 ± 4
.3 <0 .001
NTG 35 .7 ±   .4 16 .3 ± 2 .6 <0 .001
LVSP (mm Hg) Control 146 ± 24 113
± 22 <0 .001
NTG 145 ± 23 115 ± 15 <0 .001
Peak +dP/dt Control 2 .450 ± 437 1,458 ± 250 <0 .001
(mm Hg/s) NTG 2,318 ± 621 1,464
± 182 <0 .001
CO (liters/min) Control 3 .8 ± 1 .  2 .4 ± 1 .2 <0 .001
NTG 2 .8 ± 1 .0 1 .6 ± 0 .4 <0 .001
Variable Baseline CHF
p
Value
FF-1/31) )%)
Control 2  .0 ± 11 .3 44 .7 ± 12 .0 <0 .05
NTG 25 .6 ±   .1 48 .8 ±   .7 <0.01
FF-1/2D )%)
Control 54 .0 ± 14 .2 73 .5 ± 11 .7 <0 .01
NTG
4  .6 ±   .7 70 .0 ± 8 .8 <0
.01
LVEDP (mm Hg)
Control 8 ± 3 22 ± 4 <0.001
NTG 8±2 28±7 <0 .001
Peak -dP/dt (mm Hg/s)
Control <0 .001-2,483 ± 422 -1,350 ± 316
NTG -2,454 ± 604 -1,321 ± 40  <0 .001
T (ms)
Control 32 ± 10 63 ± 7 <0.01
NTG 28 ± 7 83 ± 1 5 <0 .001
Mean RAP (mm Hg)
Control 3 ± 2 7 ± 4 <0.05
NTG 3
± 1 6
± 3 <0.05
DFP (ms)
Control 156 ± 57 155 ± 75 NS
NTG
142 ± 71 134 ± 45 NS
IRP (ms)
Control
34 ± 22 65 ± 32 <0.05
NTG 54 ± 18 7  ± 40 <0.05
RR (ms)
Control 413 ± 75 450 ± 84 NS
NTG 451 ± 138 41  ± 121 NS
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Figure 1 .
The percent stroke volume is plotted against the percent
of diastolic time at baseline and during acute congestive heart failure
(CHF) in a representative dog from either the nitroglycerin or the
control group . Diastolic filling was redistributed to earlier in diastole
during heart failure (upper curve) .
in filling fraction at one-third and one-half diastole was noted
and was associated with a marked impairment in left ven-
tricular relaxation and compliance as suggested by an in-
crease in left ventricular end-diastolic pressure, an increase
in the time constant of left ventricular pressure decline and a
decrease in the peak negative dP/dt . Figure 1, a repre-
sentative plot of the percent of stroke volume filled through-
out diastole at baseline and during acute congestive heart
failure for either control or nitroglycerin-treated dogs, dem-
onstrates a redistribution of diastolic filling to early in
diastole with the production of acute left ventricular dys-
function. Figure 2, a representative plot of pressure versus
area at baseline and during congestive heart failure for either
control or nitroglycerin-treated dogs, demonstrates a right-
ward and upward shift of the pressure-area plot with acute
left ventricular dysfunction . The pressure-area plot during
acute congestive heart failure demonstrates a reduction in
the amount of left ventricular filling after the minimal left
ventricular pressure. Stated differently, the filling fraction
Figure 2 . Simultaneous left ventricular pressure and echocardio-
graphic left ventricular area are plotted for the same dog at baseline
and during acute congestive heart failure (CHF) . An upward and
rightward shift of the pressure-area curve was noted with congestive
heart failure .
p 0 BASELINE
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Table 3 .
Variables of Left Ventricular Size and Systolic Function
in Control and Nitroglycerin Groups With Intervention
(nitroglycerin infusion)
Abbreviations as in Table 1 .
before left ventricular minimal pressure increased during
congestive heart failure (control group, baseline 43 .0 ±
14.25% versus left ventricular dysfunction 61 .0 ± 21.7%,
p < 0 .05 ; nitroglycerin group, baseline 47.5 ± 1  .1% versus
left ventricular dysfunction 70 .4 ± 12 .4%, p < 0 .05). A
prolongation of the isovolumic relaxation period was noted
in both groups with acute left ventricular dysfunction . Heart
rate and diastolic filling period were unchanged with acute
left ventricular dysfunction . The mean right atrial pressure,
an estimate of intrapericardial pressure (8), increased in both
groups with the production of severe left ventricular dys-
function. For the control or nitroglycerin groups, variables
of diastolic function were comparable at both baseline and
with the production of acute left ventricular dysfunction .
Effect of nitroglycerin on systolic function (Table 3). Con-
trol dogs demonstrated no changes in left ventricular size or
systolic function after I h of observation . In the nitroglycerin
group, there was a reduction in left ventricular size and left
ventricular systolic pressure without a change in left ventric-
ular systolic function as measured by area ejection fraction
during the nitroglycerin infusion .
Effect of nitroglycerin on diastolic function (Table 4) .
Control dogs demonstrated no changes in any diastolic
function variable after I h of observation . In the nitroglyc-
erin group, the reduction of left ventricular end-diastolic
pressure and left ventricular size produced by nitroglycerin
infusion was associated with a marked reduction in both
filling fractions . Figure 3, a representative plot of the percent
stroke volume filled throughout diastole during acute con-
gestive heart failure and with nitroglycerin infusion, demon-
Variable
CHF
Intervention
(nitroglycerin)
P
Value
EDA (cm
2
)
Control 14 . 
± 2 .5 14 .0 ± 2 .0 NS
NTG
16 .6 ± 1 .5 14 .5 ± 1 .7 <0 .01
ESA (cm')
Control 12
.2
± 2 .0
11 .1 ± 1 .3 NS
NTG 13 .  ± 1 .2 12 .1 ± 1 .  <0 .05
AEF (%)
Control
1  .7 ± 4 .3 20.6 ± 2 .3 NS
NTG 16 .3 ± 2 .6 16 .4 ± 4 .  NS
LVSP (mm Hg)
Control
113 ± 22 103 ± 35 NS
NTG 115 ± 15 82 ± 12 <0 .01
Peak +dP/dt (mm Hg/s)
Control 1,458 ± 250 1,250 ± 273 NS
NTG
1,464
± 182
1,12  ± 2 4
NS
CO (liters/min)
Control 2 .4 ± 1 .2 2 .0 ± 1 .0 NS
NTG 1 .6 ± 0 .4 1 .5 ± 0 .4
NS
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Table 4. Variables of Left Ventricular Diastolic Function in
Control and Nitroglycerin Groups During Intervention
(nitroglycerin infusion)
*p < 0 .001 tp < 0 .05, tp < 0 .01, nitroglycerin versus control ; abbrevia-
tions as in Tables I and 2 .
strates a redistribution of diastolic filling to later in diastole .
This redistribution differed markedly from that in a repre-
sentative dog in the control group (Fig . 4) at I h after the
production of acute left ventricular dysfunction when dias-
Figure 3 . The percent stroke volume is plotted against the percent
of diastolic time during acute congestive heart failure (CHF) and
during nitroglycerin infusion (NTG) in the same dog as in Figures I
and 2 . Diastolic filling was redistributed to later in diastole during
nitroglycerin infusion (lower curve) .
DIASTOLIC TIME
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Figure 4 . The percent stroke volume is plotted against the percent
of diastole during acute congestive heart failure (CHF) and after I h
of observation (CHF-lh) in a representative control dog . Diastolic
filling was unchanged at I h and continued to be redistributed to
earlier in diastole .
tolic filling continued to be redistributed to early in diastole .
Figure 5 is a representative pressure-area plot for dogs in
the nitroglycerin group during acute congestive heart fail-
ure and during nitroglycerin infusion . Nitroglycerin infusion
produced a downward and leftward shift in the pressure-area
plot . The amount of left ventricular filling after left ventric-
ular minimal pressure increased with nitroglycerin . Stated
differently, the filling fraction before minimal left ventricular
pressure declined with nitroglycerin (left ventricular dys-
function 70.4 ± 12.4% versus nitroglycerin 25 .1 ± 10 . %,
p < 0.001). No changes were noted either in pressure-area
plots or in the filling fraction before minimal left ventricular
pressure after I h of observation in the control animals
(Fig . 4) .
Peak negative dP/dt declined during the nitroglycerin
infusion, probably secondary to decrease in left ventricular
systolic pressure . However, the time constant of left ven-
tricular pressure declined and the isovolumic relaxation
Figure 5 . Simultaneous left ventricular pressure and echocardio-
graphic left ventricular area are plotted for the same dog as in Figures
I to 3 during acute congestive heart failure (CHF) and during
nitroglycerin infusion (NTG) . A downward shift and leftward shift of
the pressure-area curve was noted during nitroglycerin infusion .
AREA (CM2)
Variable CHF NTG p Value
FF-1/3D (%)
Control 44 .7 ± 12 .0 50 .6 ± 16 .  NS
NTG 48 .8 ±   .7 17. ±7. * <0 .001
FF-1/2D (%)
Control 73 .5 ± 11 .7 NS80 .0 ± 13 .4
NTG 70 .0 ± 8 .8 30 .2 ± 5 .8* <0 .001
LVEDP (mm Hg)
Control 22 ± 4 24 ± 5 NS
NTG 28 ± 7 14 ± 3t <0 .001
Peak -dP/dt (mm Hg/s)
Control -1,350 ± 316 -1,250 ± 351 NS
NTG -1,321 ± 40  - 36 ± 3701 <0 .05
T (ms)
Control 63 ± 7 60 ± 25 NS
NTG 83 ± 15* 52 ± 1 5 <0 .001
Mean RAP (mm Hg)
Control
7 ± 4 7 ± 3
NS
NTG 6±3 3±2t <0 .01
DFP (ms)
Control NS155 ± 75 177 ±  4
NTG 134 ± 45 181 ±  8 <0 .01
IRP (ms)
Control 65 ± 32 52 ± 50 NS
NTG 7  ± 40 52 ± 34 <0 .05
RR (ms)
Control 450 ± 84 456 ± 71 NS
NTG 41  ± 121
465 ± 121
NS
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period shortened, whereas the diastolic filling period length-
ened suggesting an improvement of relaxation and prolon-
gation of the time for diastolic filling. The mean right atrial
pressure also declined with nitroglycerin, suggesting a re-
duction in intrapericardial pressure .
Discussion
Determinants of diastolic filling .
Early diastolic filling as a
variable of diastolic function is a result of the interrelation of
several determinants that include left ventricular relaxation,
left ventricular filling pressure (left atrial pressure at the time
of mitral valve opening), left atrial compliance, the contrac-
tile state, heart rate, left ventricular volume and left ventric-
ular afterload . The interrelation of these determinants of
diastolic filling operates through alterations in the magnitude
and time course of the left atrial-left ventricular pressure
gradient during diastole (4, ) . Diastolic filling in mid to late
diastole may be more related to the instantaneous pressure-
volume relation and to external constraining forces such as
the pericardium (10,11) .
Diastolic filling in congestive heart failure . Abnormal di-
astolic filling as characterized by a reduced rate and extent of
early diastolic filling with increased atrial filling has been
noted in patients with coronary artery disease, hypertension
and hypertrophic cardiomyopathy, and has been ascribed to
abnormal and asynchronous relaxation (12-16) . However, in
patients with dilated cardiomyopathy and coronary disease
with congestive heart failure who have increased left ven-
tricular filling pressures, a different pattern of diastolic filling
has been noted and has been characterized by redistribution
of diastolic filling to early in diastole . These contradictory
results have been verified in a previous closed chest canine
study of acute heart failure (3) in which early redistribution
of diastolic filling was noted and associated with marked
abnormalities of relaxation and compliance
. Redistribution
of diastolic filling to late in diastole occurred with peri-
cardiectomy despite the lack of change in relaxation varia-
bles or changes in compliance of the left ventricle (3) .
Role of left ventricular filling pressure in the pattern of
diastolic filling . In this study, we examined the role of the
left ventricular filling pressure as an important determinant
of the pattern of left ventricular diastolic filling in severe left
ventricular dysfunction . Utilizing an acute closed chest
model of ischemic dilated congestive heart failure produced
by acute left main coronary artery microsphere emboliza-
tion, we evaluated the pattern of left ventricular diastolic
filling during acute left ventricular dysfunction and after the
reduction of the left ventricular filling pressure by nitroglyc-
erin, an agent devoid of properties that directly affect
relaxation or compliance of the left ventricle (17,18) . We
compared diastolic filling variables during nitroglycerin infu-
sion with diastolic filling variables obtained in the control
JACC Vol . 14, No. I
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group of dogs that were observed for 1 h after the production
of acute left ventricular dysfunction
.
Similar to our earlier study (3), the induction of acute left
ventricular dysfunction resulted in left ventricular dilatation
associated with significant left ventricular dysfunction and
elevation of both left ventricular filling and right atrial mean
pressures . Redistribution of diastolic filling (Fig. 1) to early
in diastole was noted despite markedly abnormal variables of
left ventricular relaxation (Table 2) and evidence of poor
compliance (upward and rightward shift of the pressure-area
plot) (Fig . 2) . One hour of observation produced no further
changes in any systolic or diastolic variable, although nitro-
glycerin infusion reduced left ventricular size and both right
atrial and left ventricular filling pressures, and was associ-
ated with a redistribution of diastolic filling to late in diastole
(Fig. 3) with improvement in relaxation variables and pro-
longation of the diastolic filling period (Table 4) . A primarily
downward but slight leftward shift of the pressure-area
relation (Fig. 5) was noted, suggesting a reduction in peri-
cardial restraint (1 ) that was also mirrored by reduction in
mean right atrial pressure, an estimate of intrapericardial
pressure (8) .
Mechanisms of effect of filling pressure on diastolic filling .
The data in this study clearly demonstrate that alteration of
the left ventricular filling pressure had profound influences
on invasive and noninvasive diastolic function variables .
Possible mechanisms responsible for the influence of the left
ventricular filling pressure on diastolic filling in this study
include 1) direct pharmacologic effect of nitroglycerin ; 2)
role of pericardial restraint
; and 3) changes in multiple
loading conditions .
Nitroglycerin . To date, there has been no demonstration
that nitroglycerin has any effect on left ventricular relaxation
or compliance (17,18). Recently (20), nitroglycerin was ob-
served to alter diastolic filling patterns by increasing the
atrial contribution in patients with normal left ventricular
function. It was concluded (20) that the preload-reducing
effects of nitroglycerin could be responsible for increase in
the atrial contribution to diastolic filling . Alternatively, it
could be suggested that nitroglycerin alters loading condi-
tions so as to reduce venous return, resulting in a reduction
of total intracardiac volume and pericardial restraint . Ample
evidence exists that nitroglycerin produces a downward shift
in the pressure-volume curve of the normal left ventricle that
mimics the effect of removing the pericardium (1 ,21)
. A
reduction in the total intracardiac size may allow for greater
left ventricular diastolic filling later in diastole when left
ventricular size is at its greatest and most likely to be
impeded by the pericardium, an event that may occur with
the normal ventricle and is even more likely when cardiac
chamber size is increased . Therefore, redistribution of dias-
tolic filling to later in diastole with nitroglycerin in patients
with a normal left ventricle may relate to a reduction in the
JACC Vol . 14, No . I
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Figure 6 . Mitral valve echograms from a representative dog during
acute congestive heart failure (CHF)
(upper panel) and during
nitroglycerin infusion (CHF + NTG) (lower panel)
. The opening to
closing interval of the mitral valve (diastolic filling period) increased
during nitroglycerin infusion . Also, the mitral valve opened earlier
in the cardiac cycle with nitroglycerin infusion .
degree of pericardial restraint that Smiseth et al . (22) previ-
ously demonstrated .
Pericardial restraint . In the dilated left ventricle with
elevated left ventricular filling pressure secondary to acute
ischemic left ventricular dysfunction, restraint by the peri-
cardium may be an important factor that has been demon-
strated experimentally (3,23) .
In our study, we indirectly
demonstrated pericardial restraint by the elevation of mean
right atrial pressure with the production of acute left ven-
tricular dysfunction
. We also demonstrated in this study and
in our previous work (1,3)
an alteration in the pattern of left
ventricular diastolic filling (enhanced early diastolic filling
with less reliance on later diastolic filling) that resembles
constrictive pericarditis (24) .
Nitroglycerin infusion was
used to alter the left ventricular filling pressure (without
LAVINE ET AL .
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introducing any intrinsic relaxant properties) and presum-
ably pericardial restraint. In previous studies (20,22) nitro-
glycerin has produced a downward displacement of the
pressure-volume curve in dogs with acute heart failure (23)
and in patients with chronic congestive heart failure (25) .
Our data demonstrate these findings as well as redistribution
of diastolic filling to later in diastole as characterized by a
reduction in early and mid diastolic filling fractions . Data
from this study support the hypothesis that left ventricular
filling pressure influences the diastolic filling patterns and
that this may be due to the restraining influences of the
pericardium .
Changes in loading conditions . However, we unexpect-
edly demonstrated that nitroglycerin infusion improves two
measures of relaxation
  the time constant of left ventricular
pressure decline and the isovolumic relaxation period . Both
of these measures of relaxation are load dependent . The time
constant may be affected by preload (26) and afterload (7),
whereas the isovolumic relaxation period is dependent on
the afterload (27) . In this study, nitroglycerin reduced both
preload and afterload. Conceivably, the effects on diastolic
relaxation and filling variables may be load dependent .
However, this does not adequately explain the lengthening
of the diastolic filling period
. In five of seven dogs, the A
wave on the mitral valve echogram became clearly visible
with nitroglycerin infusion (Fig . 6)
. Although small reduc-
tions in heart rate (at this heart rate) may be responsible for
the appearance of the A wave in the mitral valve echogram,
the Q wave to mitral valve opening interval shortened with
the infusion of nitroglycerin (left ventricular dysfunction
335 ±  5 versus nitroglycerin 310 ± 73 ms, p < 0 .05),
findings unlikely to be caused by the slowing of the heart
rate
. Although alterations in multiple loading conditions
clearly play a role, the reduction in afterload and preload
may cause a reduction in the restraining properties of the
pericardium and may result in less impedance to later left
ventricular diastolic filling, allowing a longer period for
diastolic filling . An explanation for improvements in relax-
ation variables may be multifactorial and cannot be fully
addressed by this study .
Limitations of the study
. Because this is a closed chest
study, we were unable to obtain intrapericardial pressures,
but rather used mean right atrial pressure as an estimate, as
described by Smiseth et al .
(8) . Pericardial restraint is a
difficult concept to demonstrate and there is some contro-
versy as to whether the mean right atrial pressure is an
adequate estimate of the intrapericardial pressure
(28) . Op-
timally, intrapericardial pressure measurement may be per-
formed by use of a flat balloon (22) that can measure contact
stress .
As
the use of area versus time curves necessarily includes
the isovolumic relaxation period,
differences in the isovolu-
mic relaxation period may affect filling fraction determina-
tion especially at heart rates > 120 beats/min, when the
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number of diastolic frames may be as low as six . With severe
left ventricular dysfunction, the isovolumic relaxation period
was 30 ms longer than with nitroglycerin infusion. This
would tend to underestimate the filling fraction with severe
left ventricular dysfunction and overestimate the filling frac-
tion with nitroglycerin infusion. Because the filling fraction
was markedly lower with nitroglycerin infusion, this limita-
tion does not appear to affect the data .
The use of nitroglycerin, especially at the large doses
used in this study, to alter left ventricular filling pressure
necessarily alters afterload . The use of an agent that effects
multiple loading conditions does make it more difficult to
interpret diastolic function data . Ideally, an agent or inter-
vention that reduces left ventricular filling pressure and
preload alone should be used . Although nitroglycerin is not
the ideal agent, it has been commonly used to lower left
ventricular filling pressure and to demonstrate the presence
of pericardial restraint (17-1 ,22,23,25) .
Patients with congestive cardiomyopathy may have mi-
tral regurgitation, which tends to increase the extent and
rate of early diastolic filling (2 ) . However, in our experience
with the use of this model of acute dilated left ventricular
dysfunction in dogs, we have been able to demonstrate only
trace or no mitral regurgitation using pulsed Doppler echo-
cardiography (Lavine, personal observation). Although in
this study we did not specifically search for mitral regur-
gitation, on the basis of our previous experience, it is un-
likely that any more than trace mitral regurgitation was
present .
Conclusions . Alterations of the left ventricular end-
diastolic pressure with nitroglycerin in dogs with severe left
ventricular dysfunction markedly alter variables of relax-
ation, the timing of mitral valve opening and the distribution
of diastolic filling during the diastolic filling period . On the
basis of our previous data regarding the effect of pericardial
restraining forces on the diastolic filling pattern (3) and the
presence of an elevated mean right atrial pressure in this
study, we suggest that nitroglycerin-induced alteration of the
diastolic filling pattern may be related to changes in pericar-
dial restraining forces. More work is needed to further
elucidate the role of the pericardium in both acute and
chronic congestive heart failure .
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